Combining density functional theory with dynamical mean field theory, we investigate the electronic structure of Sr 2 IrO 4 and Ba 2 IrO 4 . We show that the insulating state appears only when the antiferromagnetic order emerges in contrast to conventional Mott insulators. Thus these compounds are classified not into Mott insulators but into Slater insulators. However, the insulating gap opens by a synergy of the antiferromagnetic order and a significant band renormalization, which is also manifested by a two-dimensional bad metallic behavior in the paramagnetic phase near the quantum criticality.
Introduction
The microscopic origin behind metal-insulator transitions (MITs) has been one of the central problems in the field of condensed matter physics [1] . Many strongly correlated materials such as 3d transition-metal compounds exhibit the Mott MIT, which often seeds various exotic quantum phases. While Mott insulators are often accompanied by various magnetic transitions, the MIT itself is independent of any magnetic correlations and the systems have a robust charge gap above the magnetic transition temperature [2] . On the other hand, in Slater insulators, the MIT is driven by antiferromagnetic order rather than the on-site Coulomb repulsion [3] .
When the system contains heavy elements, the valence electrons become less localized and the electron correlations become weaker. For instance, correlation effects in 4d compounds are usually less significant than those in 3d compounds. However, for 5d electron systems, the energy scale of the spin-orbit interaction (SOI) can be larger than ∼100 meV, so that the situation becomes nontrivial. Indeed, we can expect various intriguing quantum phenomena due to the interplay between the spinorbit coupling, electron correlation, crystal field-splitting, and inter-site hopping. Thus mechanism of MITs in 5d compounds is a problem of great interest. Among various 5d transition-metal compounds, Sr 2 IrO 4 is one of the representative model systems, for which the low-energy physics is expected to be described by the single-band Hubbard model for two pseudospin states in the manifold of the total angular momentum j eff =1/2.
Recently, Kim et al. [4] proposed that Sr 2 IrO 4 provides a realization of (weakly canted) antifer-romagnetic Mott insulator similar to the parent materials of the high-T c cuprates. Recent resonant X-ray scattering measurement indeed supports this scenario [5] . However, whether the MIT in this compound is really a genuine Mott MIT is yet to be made clear. If we look at the optical conductivity, we see that the optical gap dramatically changes from 0.41 to 0.08 eV as the temperature increases from 10 to 500K [6] . While the resistivity has no anomaly at T N , its temperature dependence cannot be described in a simple activation gap picture as the optical gap decreases with T . In fact, Arrhenius plot indicates that the gap becomes larger above T N than below T N [7] , which is unphysical. This supports the notion that the temperature dependence is weaker than the exponential dependence and the DC resistivity is governed by the extrinsic disorder generating the variable range hopping. The ultrafast dynamics of photoexcited carriers suggest that the gap opening is accompanied by the antiferromagnetic transition [8] . A recent tunneling spectroscopic study has shown that the gap closes above T N [9] . These experimental observations suggest that the MIT in Sr 2 IrO 4 is not a simple Mott MIT. More recently, Ba 2 IrO 4 , which is isostructural to Sr 2 IrO 4 and expected to be more strongly correlated due to the larger ionic radius of Ba, has been synthesized under high pressure [10] . It has been found that the antiferromagnetic transition occurs around 240K, which is very similar to Sr 2 IrO 4 .
In this paper, with the Multi-energy-scale Ab initio scheme for Correlated Electrons (MACE) [11] , we performed detailed analyses of the MIT of these Ir compounds, without using any empirical parameters. We succeeded in reproducing paramagnetic metals which undergo continuous transitions to insulators below T N . The insulating state appears only when the Néel order emerges in contrast to the conventional Mott insulators. Thus these compounds are classified not into Mott insulators but into Slater insulators. However, we also found that the insulating gap opens by a synergy of the Néel order and a significant band renormalization [12] .
Method
In the framework of MACE, we first obtain the global band structure using the density functional theory (DFT). We used the PBE exchange correlation functional [13] and the augmented plane wave and local orbital (APW+lo) method including the spin-orbit coupling as implemented in the WIEN2K program [14, 15] . The muffn tin radii (R MT ) of 2.23, 1.97, 1.74 bohr for Sr, Ir and O were used for Sr 2 IrO 4 and 2.34, 1.92, and 1.70 bohr for Ba, Ir and O for Ba 2 IrO 4 , respectively. The maximum modulus for the reciprocal vectors K max was chosen such that R MT K max = 7.0 and a 10×10×10 kmesh in the first Brillouin zone was used.
The crystal structure of Ref. [18] was used for Sr 2 IrO 4 . The experimental lattice parameters, a and c of Ba 2 IrO 4 are 3% and 4% larger than those of Sr 2 IrO 4 [10] , while the Ir-O-Ir angle for Ba 2 IrO 4 is yet to be determined experimentally. Therefore, we have optimized the structure requiring any atomic force to be less than 0. We then constructed the Wannier functions for the t 2g -like bands, using the WIEN2Wannier [ IrO 4 , it is 234 meV. The spin-orbit coupling mixes the cubic harmonics to form eigenstates of the pseudospin j. We used the j, j z basis, which diagonalizes the onsite part of the Hamiltonian and in which the local Green function is to a good approximation diagonal, in the subsequent calculations.
Next, we evaluate the interaction parameters by the constrained random phase approximation (cRPA) [19] . With the Density Response Code [20] developed for the Elk branch of the original Exciting FP-LAPW code [21] , we compute the density susceptibility,
where v(r 1 , r 2 ) = |r 1 − r 2 | −1 is the bare Coulomb interaction and f xc is a dynamical exchangecorrelation kernel.
is the susceptibility of the noninteracting Kohn-Sham electrons. Here, j and f j are the energy and occupancy of the eigenstate ψ j , and ∑ runs over all pairs of bands but excludes the cases of j, j both belonging to the target t 2g bands. We then calculate the screened Coulomb interaction
which yields the Hubbard U parameters
with Greek letters representing a combined index of band and translation. The crucial point of the cRPA method is that we eliminate the self-screening in the W, i.e. exclude the contribution of the basis Wannier orbitals of the effective Hamiltonian from the process of screening.
In the cRPA calculation, to save the numerical cost, we constructed the simplified crystal structure with one formula unit per unit cell moving the inplane oxygen atoms to the symmetric positions. We took 100 unoccupied bands and 5 × 5 × 5 kand q-meshes in the calculation of the dielectric function. The double Fourier transform of χ(r, r , ω) was done with the |G + q| = 3.5 [1/a.u.] cutoff which gives ∼540 and ∼470 G-vectors for Ba 2 IrO 4 and Sr 2 IrO 4 , respectively.
The averaged value of the on-site Coulomb repulsion U i ji j (where i and j denote the t 2g orbital index) is ∼2.0 eV for Sr 2 IrO 4 and ∼1.6 eV for Ba 2 IrO 4 . The expansion of the unit cell for Ba 2 IrO 4 makes the crystal field splitting between the t 2g and e g smaller. Thus the screening by the scattering between occupied and unoccupied states becomes more effective. The resulting interaction parameters for Ba 2 IrO 4 become smaller than those of Sr 2 IrO 4 . On the other hand, the band width of the t 2g band becomes narrower, so that the ratio between the band width and interaction parameters does not change significantly by replacing Sr with Ba. This similarity leads to similar behaviors of the two compounds contrary to naive expectation. We then deduced an approximate parametrization in terms of Slater parameter F 0 , F 2 , while fixing the ratio F 4 /F 2 to the atomic value of 0.625. From these Slater parameters we have calculated the interaction parameters in the j, j z basis.
Lastly, we analyzed the obtained effective Hamiltonian by means of the dynamical mean field theory (DMFT) [22] . We neglected the inter-atomic correlations, and the system is mapped self consistently on an effective impurity model. The impurity model was solved with a Monte Carlo method [23, 24] , keeping only the density-density terms of the on-site interaction.
Result
Let us first examine the Mott insulator scenario. In Fig.1 , one-particle spectra in the paramagnetic phase obtained for various interaction strengths are shown. The MIT occurs at U ∼ 2.3(1.8) eV for Sr 2 IrO 4 (Ba 2 IrO 4 ) while the intra-j=1/2 repulsion from cRPA amounts to 1.96 (1.65) eV for Sr 2 IrO 4 (Ba 2 IrO 4 ). Thus for the cRPA interaction, both compounds remain metallic. These metals, however, have large mass renormalization factors Z ≥ 3.5 (6) for Sr 2 IrO 4 (Ba 2 IrO 4 ) at U = U cRPA and T = 1/80 eV. Here, a rough lower bound of Z is given by Z = 1 − ImΣ(iω 1 )/ω 1 at the lowest Matsubara frequency ω 1 . This fact suggests that a "pure Mott scenario" for the paramagnetic phase would require a larger U-value than our ab initio evaluation and there is additional subtle physics at play, in the case of these iridates. Next, we allowed the system to have an antiferromagnetic order. In Fig. 2 , we show the result for Sr 2 IrO 4 with the realistic cRPA parameters. While we obtained metallic paramagnetic solutions at high temperature, the system undergoes continuous transitions to the antiferromagnetic phases at T ∼ 810K. In contrast with the non-magnetic calculation, the half-filling j = 1/2 band has a gap at the Fermi level, indicating that the system is a magnetic insulator. We obtained a similar result for Ba 2 IrO 4 (not shown), with lower T N ∼ 690K.
Let us now look into the detail of the gap opening by analyzing the quasiparticle equation *
where * σ is the quasiparticle energy, 0 is the bare energy, σ = ± is the pseudospin index and Σ is the real part of the self-energy. In Fig.3 , we plot Σ as a function of real frequency. We see that Σ consists of a frequency independent Hartree contribution and frequency dependent contribution, which is responsible for the mass renormalization. In the traditional Slater picture, only the Hartree part of Σ is considered and the gap opens when the splitting between Σ for up spin and down spin exceeds the bare bandwidth. Here, we see that the Hartree splitting is smaller than the bare bandwidth (∼ 2 eV, not shown), and is not enough to open the gap. The necessary ingredient is the low-frequency 'wiggle' in Σ σ (ω) and its σ-dependent shift towards positive (negative) frequencies for the empty (filled) orbitals. While the Hartree splitting is a simple consequence of a static polarization and does not depend on particular ordering, this σ-dependent shift of Σ σ (ω) is characteristic of the antiferromagnetic order, where the empty and filled orbitals on the neighboring sites have the same σ, generating a hybridization repulsion between the empty and filled bands. The large mass renormalization Z ≥ 3.5 − 6 present already in the paramagnetic phase cooperatively helps the gap opening. In this regard, we note that Z is larger than Z ∼ 2 for SrVO 3 and CaVO 3 , typical 3d correlated metals [25] . Although the insulating solution was stabilized in another LDA+DMFT study, [26] this is ascribed to a slight overestimate of the screened interaction. It is consistent with the present result on the basic point that Sr 2 IrO 4 is far from the typical Mott insulator.
Conclusion
By combining DFT and DMFT, we studied the electronic structures of Sr 2 IrO 4 and Ba 2 IrO 4 . We found that these compounds have antiferromagnetic insulating ground states, and undergo continuous transitions to paramagnetic metals above the Néel temperature. Our result indicates that these iridates are to be classified as Slater insulators, in agreement with the available experiments. Though they have an essential difference from the Mott insulator, they are not simple Slater insulators either, because strongly renormalized bad metals emerge in the paramagnetic phase. The present Slater insulators are the consequence of substantial cooperation of Mott-type correlation effects. The stronglyrenormalized paramagnetic metal adjacent to the AF Slater insulator opens a possibility of unexplored correlation effects under the interplay of the spin-orbit interaction. 
